Introduction
The silk-moth eggshell or chorion is a complex extracellular proteinaceous formation. Its ultrastructure and morphogenesis have been studied extensively, in parallel with sequence analysis of its structural genes, and with studies aimed at elucidating the mechanisms that regulate sequential expression of these genes during development (reviewed by Kafatos et al., 1977; Mazur etal., 1982; Kafatos, 1983; Goldsmith and Kafatos, 1984; Regier and Kafatos, 1985) .
Biochemically, the chorion is surprisingly complex: as many as 186 protein components have been resolved by twodimensional gel electrophoresis, from the chorions produced by an individual Antheraea polyphemus moth (Regier et al., 1980) . It appears that the number of chorion genes is at least as high (Eickbush and Kafatos, 1982) . However, most chorion genes are related: they belong to a small number of gene families (A, B, C, Hc-A, Hc-B . . .), each encompassing multiple genes that arose during evolution by reduplication followed by sequence divergence (see, for example, Regier et al., 1978; Jones and Kafatos, 1980, 1982) . The gene families are themselves related, and constitute a superfamily, with one branch encompassing the A and Hc-A families, and the other the B, Hc-B and C families (Rodakis and Kafatos, 1982; Regier et al., 1983; Iatrou et al., 1984; Rodakis et al., 1984) .
Primary sequences have been determined for all five of these gene families (references listed above). Sequence comparisons and predictions of secondary structure have revealed that chorion proteins have a tripartite structure (Hamodrakas et al., 1982a; Regier et al., 1983) . A central domain is highly conserved within each family and can be recognized as homologous between families of the same branch. The flanking, N-and C-terminal domains or 'arms' are more variable, and are marked by the presence of tandemly repetitive peptides that are not apparent in the central domain. In agreement with the predictions, laser-Raman and X-ray diffraction studies show that /3-sheet structure predominates in the chorion (Hamodrakas et al., 1982b (Hamodrakas et al., , 1983 (Hamodrakas et al., , 1984 (Hamodrakas et al., , 1986 .
Ultrastructurally the chorion consists of fibrous layers parallel to the chorion surface (Smith et al., 1971; Papanicolaou et al., 1986 , and references therein). Between adjacent layers the direction of the fibres differs by a constant angle, resulting in a helicoidal structure (cf. Bouligand, 1972) which is a biological analogue of a cholesteric liquid crystal (Mazur et al., 1982) . The structure changes dramatically during morphogenesis and also varies locally, consistent with the biochemical complexity and the multiple physiological functions of the eggshell (Kafatos, 1983) .
Ultimately, we want to relate the primary sequences and tripartite composition of chorion proteins to the fibrous structures they assume, and the regular assemblies of these fibres. Although the chorion is very complex, this undertaking is facilitated by the evolutionary relatedness of the components. Limited evolutionary variations amount to information that can help specify further the fundamental molecular properties of these proteins.
In this work, we present a detailed analysis of central domain sequences from the B/Hc-B and C branches of the chorion superfamily. These sequences can be accommodated in a compact antiparallel /3-sheet structure, similar to that appearing in the A/Hc-A branch (Hamodrakas et al., 1985) , which we suggest as the starting point for understanding the molecular and supramolecular assembly of the chorion. Detailed models of this structure are presented, obtained after a conformation analysis and refinement with an interactive graphics system, and attractive alternatives are also discussed. The results and models are in good agreement with recent experimental findings (Sibanda and Thornton, 1985; Hamodrakas et al., 1986) . To reveal the 6-fold periodicities, sequences have been written in rows (numbered I-VII) of six residues each; they should be read left to right, top to bottom. Vertical columns (numbered 1 -6) can thus be seen to have non-random prevalence of certain types of residues. A distinct pattern of Gly-X-large hydrophobic-/"-large hydrophobic-Z emerges, where X is usually a 8-(un\ former and Y and Z other types of residues, (b) Antiparallel jS-sheet model for the portion of the central domain considered. Sequences should be read continuously, beginning at the top. Tentative I' and II' |3-turns alternate with four-residue ^-strands. For further details, see text.
array was embedded in a larger array of zeros (McLachlan, 1977) . In addition, partial Fourier inversion was employed, as suggested by Bear et al. (1978) .
Modelling For the construction of our molecular models we have also used a Basic computer program, written for a Cannon AS 100 microcomputer, with 256 Kbytes of memory and a screen resolution of 640 X 400 pixels, which constructs and manipulates space-filling or skeletal models of proteins. We further employed a version of PLUTO78 (W.D.S.Motherwell, Cambridge Crystallographic Data Centre, UK), installed for use in the CYBER 170-730 computer of the University of Athens.
Physical models were built with Pauling and Corey CPK and Kendrew skeletal kits. Figure 1 presents typical chorion sequences of the B, Hc-B and C families. The region defined as the central domain is indicated, as is the region considered in the present analysis. The flanking arm sequences were not analysed since they are more variable.
Results

Definition of the sequences considered
We present the analysis of several sequences, representative of the centra] domain in the Bombyx tnori Hc-B family and in the B and C family of both A.polyphemus and B.mori; our conclusions apply to all other available sequences, published and unpublished.
Hexad periodicities
The region considered is highly conserved among B, Hc-B and C proteins, and has not undergone deletions or insertions over >50 million years (Rodakis et al., 1982) . For preliminary analysis of periodicities a Fortran program was written (S.J. Hamodrakas, unpublished) , which revealed a 6-fold periodicity for Gly. Accordingly, sequences were written out in rows of six residues (Figure 2a) , and the significance of the non-random distribution of residues in the six columns thus generated was analysed with the method of McLachlan (1977) , calculating the pattern strength, P. This measure is the difference between observed and randomly expected unevenness in the distribution of amino acid residues over the columns, divided by the standard deviation. Therefore, values of P >3.0 are highly significant. The analysis established clear 6-fold periodicities for various types of residues which may be summarized by declaring that the hexapeptides have the general form:
Gly-X-large hydrophobic-y-large hydrophobic-Z with X usually a (3-turn former residue and Y, Z of a more variable type (data not shown, but can be given by S.J.Hamodrakas to interested readers to assess the statistical significance of the repeats).
However, Fourier analysis of the sequences [as was performed for the A class of proteins by Hamodrakas et al. (1985) ] does not show significant maxima for a period of approximately six residues, for most proteins (exceptions are the He proteins Hc-B 12, Hc-B 13 and the C protein pc404-H12, data not shown but available as above). Instead, it shows intense Fourier maxima usually for a period which is a fraction of 6, namely 6/3 = 2 or 6/2 = 3 residues (data not shown but available as above).
Interpretation of hexad periodicities
Following the arguments in detail by Hamodrakas et al. (1985) in the analysis of the A chorion proteins, we interpret the hexad
ig. 3. Phi-psi plot showing the conformation of the turn residues i + 1, 1 + 2 by arrows, as were found by our conformational analysis of the decapeptide VAVAGELPVA, as described in the text. The beginning of each arrow marks residue i + 1 and the end residue / + 2. Three groups of possible j3-turns were found: Group 1, which corresponds to distorted types of II and I' turns (Chou and Fasman, 1977) , Group 2, corresponding to distorted types of II' turns, and Group 3, which corresponds to distorted types of III turns (see also Discussion). Presumably, these distorted turns are necessary in the model because the phi, psi angles of the sheet residues were kept constant.
periodicities appearing in the central domains of the B, Hc-B and C classes of proteins, by the alternating /3-turn//3-strand model of an antiparallel /3-pleated sheet shown in Figure 2b . In this figure, the horizontal rows, each containing four residues, represent antiparallel /3-sheet strands (see also Discussion) and consist of the residues shown in columns 3-6 of Figure 2a . The end residues of these short strands also participate in /3-turns, together with the vertically displayed dipeptides (columns 1 and 2 of Figure 2a ). The latter represent the central residues i + 1 and i + 2 of the /3-turns respectively. A similar model was proposed for the conservative central domain of the A proteins (Hamodrakas et al., 1985) .
fi-Turn type determinations and modelling
To construct realistic models of the proposed antiparallel /3-pleated structure for all chorion proteins, it was necessary to determine the types of the /3-turns (Chou and Fasman, 1977) which give the silk-moth chorion protein central conservative domains their characteristic fold, shown in Figure 2b and in Figure 2 (b) of Hamodrakas et al. (1985) .
Since the conformation of residues i, i + 3 is constrained to have values corresponding to those of an antiparallel /3-sheet (these residues are parts of the four-residue /3-strands), this means that we had to determine the conformation of residues / + 1, j + 2, of each /3-turn.
A similar analysis has been performed by Geddes et al. (1968) to determine the types of /3-turns which generate the cross-/3 conformation in proteins. These authors arrived at the conclusion that two types of turns were the most favourable for the formation of the cross-/? conformation, which they denoted as fold A and fold B. They essentially correspond to the IP and II types of Chou and Fasman (1977) respectively. In these folds, a hydrogen bond is formed between the -NH group of residue i + 3 with the -C =0 group of residue i.
Our analysis, which in general terms resembled the analysis of Geddes et al. (1968) , but was carried out with our own FORTRAN program, was carried out as follows.
(i) Representative decapeptides of the type forming the characteristic structure of Figure 2b were chosen, which contain two consecutive /3-strands linked by a /3-turn.
(ii) Backbone dihedral angles of the /3-strand residues were set to phi = -120° and psi = +135°. These values correspond to the centre of the allowed region for /3-pleated sheets and they generate /3-strands suitable for the formation of twisted /3-pleated sheets (Schulz and Schirmer, 1978) . We have chosen these values since most known /3-sheets, both in globular and structural proteins, are twisted (Richardson, 1981; Lotz et al., 1982; Fraser and McRae, 1976) , and since experimental findings (Hamodrakas, 1984; Hamodrakas et al., 1986) indicate that silk-moth chorion proteins contain twisted sheets.
(iii) The phi and psi angles of residues i + 1, i + 2 of the turns were varied in a systematic way, in order to generate allowed conformations without steric hindrance, and such that the -NH and =CO groups of the /3-strands can create hydrogen bonds.
Several possible conformations were found from this analysis which are mostly distorted types of well-known /3-turns ( Figure  3 ). They can be classified into three major classes: type II or I', type II' and type HI /3-turns (see also Discussion). However, from model building, we selected /3-turns II or P and II', which, provided they alternate along the structure shown in Figure 2b , create satisfactory models for the conservative domains of silk-moth chorion proteins. In these models, favourable hydrogen bonds are formed between the NH group of residue i + 3 with the CO group of residue i.
The models obtained from this stereochemical analysis, assuming /3-turns of the II or P and II' type, alternating with four-residue /3-strands along the sequence, were refined in detail on an interactive graphics system. They are shown for a representative protein in Figure 4 .
The /3-pleated sheet twist of these models is possibly exaggerated. This might be a consequence of the proline residues in two strands of each sheet, whose phi angle has been constrained to 60° in the models and of the phi and psi angles of the remaining strand residues being held at -120° and +135°r espectively. 
Discussion
Tandemly repetitive peptides have been found in the sequences of most fibrous proteins and play an important role in the formation of the fibrous structure (Fraser and McRae, 1973) . Individual repeat units tend to be conformationally equivalent. If the equivalence is exact, a helical structure results, if not, the local conformations of the repeat units are likely to be similar (Parry et al., 1979) . An important question which always arises in such cases is what type of structure is formed by these repetitive peptides.
In the case of chorion proteins, which are products of the distinct but related multigene families A, B, Hc-A, Hc-B and C, and which are a characteristic example of protein engineering in vivo, we have convincingly shown for at least two related families, the A and the Hc-A, that their central conservative domains can be considered as constructed from repetitive hexapeptides which most probably form an antiparallel /3-sheet. This structure is composed of four-residue /3-strands, alternating with/3-turns, with a ratio of 2:1 (Hamodrakas et al., 1985) . The model is somewhat reminiscent of feather keratin (Fraser and McRae, 1976 ) and of the cross-/3-sheet structure in the shaft of the adenovirus fibre protein (Green et al., 1983) , as described in detail in a previous publication (Hamodrakas et al., 1985) .
A quantitative measurement of secondary structure in silk-moth chorion proteins by analysis of the amide I band of the laser-Raman spectrum of chorion, suggests that chorion protein components consist of 60-70% antiparallel /3-sheet and 30-40% /3-turns (Hamodrakas et al., 1984) . These estimates, although in good agreement with the proposed model structure, cannot be attributed solely to the central domain of the A and Hc-A families, since that domain accounts only for -20% of total chorion mass. The models we present here for the central conservative domains of the B, Hc-B and C families (four-residue /3-strands alternating with p'-turns whose first and fourth residues are parts of the /3-strands) are very similar to those of the As and the He-As and are in agreement with the percentages found by experiment: now, the conservative domains of all chorion protein families account for -50% of total chorion mass.
To fully account for the observed experimental percentages of secondary structure, the question remains, of course, what structure the variable chorion protein 'arms' adopt. They also contain tandemly repetitive peptides, which is evident from the sequence, but different in nature from the peptides of the central region. This is a subject of an ongoing investigation.
A structure closely resembling the models presented in Figures  2b and 4 seems almost inevitable in view of the evidence. Perhaps, there are still ambiguities for a few minor points. For example, what is the exact type of )3-turn which generates this structure? Unfortunately, the ambiguities cannot be resolved experimentally. Some authors suggest that this can be done by using laser-Raman spectroscopy (Krimm and Bandekar, 1986 ; and references therein). We have obtained laser-Raman spectra and studied them very carefully (Hamodrakas et al., 1982b (Hamodrakas et al., , 1984 . Despite this, we have not been able to identify the exact type of turns unequivocally. Perhaps, it would be possible to obtain partial answers to the problem by synthesizing peptides representative of segments of the central domain of chorion proteins and solving their structure crystallographically. However, we have no guarantee that these peptides will fold to a conformation similar to the one in vivo.
It was very interesting to note that a recent systematic search of /3-tums, connecting anti-parallel /3-sheet strands in globular proteins (Sibanda and Thornton, 1985) , has revealed that the type II' and I' turns clearly predominate. Out of the 29 /3-turns observed experimentally, 15 were type I', 10 type II' and only four type I. The type I' turn differs from the type II turn in the phi and psi angles of only one residue [see Figure 2 of Sibanda and Thornton (1985) ]. Surprisingly, the type II turn is not observed to link adjacent antiparallel /3-sheet strands in globular proteins.
A comparison of our theoretical search (Figure 3) with Figure  2 of Sibanda and Thornton (1985) clearly shows that our predicted structures do not differ substantially from those observed. Some of our type-II turns can be considered as distorted I' turns ( Figure  3 arrows) . Sibanda and Thornton (1985) suggest that the abundance of the type-I' turns is probably due to the fact that they have the correct twist to match the relative twist which is always observed between adjacent strands. Close study of our models verifies that this is indeed the case. Therefore, it appears that a further refinement of our proposed model is to adjust the phi and psi angles of only one residue, to belong to a type-I' turn rather than a type-II turn. This modification leaves the remainder of the structure unaffected.
This model is further supported by the pattern of residues appearing in the /3-tums. Sibands and Thornton (1985) have found that the observed /3-turns are strongly selective for amino acid type. For a type-II' turn they found that Gly predominates in the second position, whereas the third position is usually occupied by Ser, Thr or a polar residue; for a type-I' turn, the second position is occupied mostly by Gly, Asp or Asn and the third usually by Gly. Close study of our models (Figure 2b) shows that for the type-II' turns the pattern is almost ideal: Gly is usually found in the second position, whereas a Thr is usually found in the third. For the type-I' (or II) turns the second position is occupied mostly by Gly, in agreement with the observed data, whereas, in the third position, charged (Glu) or polar (Asn) residues frequently appear.
The fact that the Fourier transform maxima for a hexapeptide periodicity in the central domain of the Bs are not particularly intense, but instead maxima for fractions (6/2 and 6/3) of this periodicity are very strong (see Methods), is not unusual for this method. A characteristic recent example is the analysis of the amino acid sequence of the nematode myosin rod, where Fourier transforms of the amino acid profiles show strong periodicities based on repeats of seven residues and 28 residues, as implied from the Fourier maxima which appear at 7/2 and 7/3 and also 28/2 and 28/3 residues (McLachlan and Karn, 1983) . On the other hand, as mentioned above, certain Hc-B proteins (examples are Hc-B12 and Hc-B13) and the C protein pc404-H12 show clear 6-fold periodicities in their central domain, which further supports our proposed structure.
This structure, common to all chorion protein families and subfamilies, has the following characteristics.
(i) It is highly conservative in each family and subfamily. Greater variability in sequence and perhaps in secondary structure (although this is not certain), is seen in the remainder of the molecules ('arms').
(ii) In the short four-residue /3-strands relatively 'small' residues (e.g. G) tend to alternate with 'bulky' residues in several cases, e.g. VAVA, VSIG, etc. This is reminiscent of the alternation of 'small' (G) and 'bulky' (A,S) residues to opposite sides of the /3-sheet structure in silk fibroin (Marsh etal., 1955) and may be important in chorion for the packing of /3-sheets to form higher order structure.
(iii) Both faces of the proposed /3-sheets have a pronounced hydrophobic character, except for certain regions (e.g. in the strand VDFQ, which might serve as sites for specific recognition. The existence of charged or polar residues in these regions shows that they should be counterbalanced by complementary residues in neighbouring /3-sheets for the formation of hydrogen or salt bonds during morphogenesis of higher order structure. It is well known [for a recent analysis see Rashin and Honig (1984) ] that this is always the case whenever a charged or polar residue is found in the interior of water-soluble globular proteins. A detailed analysis of protein-protein interactions is well under way (S.J. Hamodrakas, unpublished) for silk-moth chorion proteins, (iv) Although both 'edges' of the proposed /9-sheet structure, namely the two central residues of the /3-turns, consist mostly of Gly and polar residues, it is clearly seen from Figure 2b that they show an uneven distribution of charges. Obviously, the right-hand side of the proposed sheets ( Figure 2b ) contains a number of charged residues (particularly Glu). The role of these charges has not been clarified yet but they appear to be very important for the formation of higher order structure.
(v) Certain residues occupy characteristic positions in this /3-sheet structure. Cysteines are often found in /3-turns, in positions favourable to create disulphide bonds, which crosslink adjacent protein molecules during the late choriogenetic stages (Hamodrakas et al., 1984) . Two prolines in the A, B and C proteins are always highly conserved and are always accompanied by large hydrophobic residues (I, V and L) in two /3-strands which are distant by one strand. Their exact role is not yet fully understood. Prolines are not very common in /3-strands and they do not favour /3-sheet structure (Richardson, 1981) . Sometimes their presence is marked by the formation of /3-bulges (Richardson, 1981) . Their appearance has seriously impaired our efforts to create satisfactory models of silk-moth chorion proteins. Perhaps, they simply serve to increase the sheet twist, if the /3-sheets are actually twisted.
The presence of Gly with a periodicity of six residues was the first clue which led us to the proposed structure. However, this 6-fold periodicity has prompted N.M.Green (personal communication) to point out that a possible structure could be one formed by an alternation of 7 and inverse-7 turns (Mathews, 1972; Nemethy and Printz, 1972) , connecting five-residue /3-strands. The Gly, repeated every sixth residue, could then occupy the central position of the three residue 7 and inverse-7 turns.
Although the derived structures appear to be attractive, they have serious disadvantages as was checked with the graphics system and they are not described here.
Regarding the relation of the proposed structures (Figure 4 ) with the helicoidal, higher order structure of silk-moth chorion, a biological analogue of a cholesteric liquid crystal, we can say that the (twisted?, helical?) /3-sheet ribbons of chorion proteins are the basis for the morphogenesis of the helicoidal architecture (Hamodrakas, 1984; Hamodrakas et al., 1986) . Rudall proposed some 30 years ago (1956) that a helicoidal structure can be formed from interactions of helical molecules.
The cross-sections of the /3-sheet ribbons of the central domains of chorion proteins (Figure 4 ) must be -30 A (3 nm) in diameter, taking into account the side chains of the turn residues, as measured directly from molecular models and on the interactive graphics screen. They are in good agreement with the values indicated by X-ray diffraction and freeze-fracturing (Hamodrakas et al., 1986) .
The modes of packing of the proposed /3-sheets are currently being studied, to determine the rules of formation of the helicoidal structure. These should be based on simple packing rules of /3-sheets (Chothia and Janin, 1982; Cohen et al., 1981) .
